François Dunand, Philippe Gueguen. Comparison between seismic and domestic risk in moderate seismic hazard prone region: the Grenoble City (France) test site. Natural Hazards and Earth System Sciences, European Geosciences Union, 2012, 12, pp.511-526. <10.5194/nhess-12-511-2012>. <hal-00679260> Abstract. France has a moderate level of seismic activity, characterized by diffuse seismicity, sometimes experiencing earthquakes of a magnitude of more than 5 in the most active zones. In this seismicity context, Grenoble is a city of major economic and social importance. However, earthquakes being rare, public authorities and the decision makers are only vaguely committed to reducing seismic risk: return periods are long and local policy makers do not have much information available. Over the past 25 years, a large number of studies have been conducted to improve our knowledge of seismic hazard in this region. One of the decision-making concerns of Grenobles public authorities, as managers of a large number of public buildings, is to know not only the seismic prone regions, the variability of seismic hazard due to site effects and the citys overall vulnerability, but also the level of seismic risk and exposure for the entire city, also compared to others natural or/and domestic hazard. Our seismic risk analysis uses a probabilistic approach for regional and local hazards and the vulnerability assessment of buildings. Its applicability to Grenoble offers the advantage of being based on knowledge acquired by previous projects conducted over the years. This paper aims to compare the level of seismic risk with that of other risks and to introduce the notion of risk acceptability in order to offer guidance in the management of seismic risk. This notion of acceptability, which is now part of seismic risk consideration for existing buildings in Switzerland, is relevant in moderate seismic prone countries like France.
Introduction
In the summary of risk levels for different dangers proposed by Breysse (2009) , two types of risk are identified: (1) volunCorrespondence to: Philippe Gueguen (pgueg@obs.ujf-grenoble.fr) tary risk,i.e. the risk taken voluntarily by a person in order to obtain a certain benefit (e.g. parachuting or helicopter flight). The level of acceptability may be high for this type of risk due to its voluntary nature. (2) Involuntary risk, i.e. the risk suffered by the population or company and not chosen freely (e.g. exposure to an earthquake or fire). For this type of risk, the level of acceptability is low, since it is often perceived as being inevitable. Public authorities responsible for public safety make rules to reduce the levels of both voluntary and involuntary risks. They rely on precise knowledge of the risk levels to enable the risk reduction schemes available (from an economic or legislation point of view) to be triggered. Certain industries (e.g., nuclear, chemical, etc.) have had to define risk acceptability levels using the ALARP (As Low As Reasonably Practicable) approach, which is based on representing the seriousness of consequences in three areas according to their probability ( Fig. 1 ):
1. Area 1, where the risk is considered unacceptable because its frequency is too high or its consequences are too great. Immediate action must be taken to reduce the risk;
2. Area 3, where the risk is no longer perceived and is considered to be acceptable; 3. Area 2 is an intermediary area, where risk is considered to be tolerable. Actions may be taken and justified according to their efficiency and cost.
The notion of acceptability is difficult to interpret and comes up against various legal considerations that are not discussed in this article. However, the ALARP approach is of interest in processing events whose probability of occurrence is not high, which is the case of countries exposed to a moderate level of seismic activity. For example, Switzerland is a country of moderate seismicity, and the verification of the earthquake engineering safety of existing buildings (SIA2018 , 2004 according to the ALARP principle when assessing the need to reinforce the earthquake resistance of buildings. Using an analysis with three levels of increasing accuracy, this approach enables 1) identification of the buildings in need of risk reduction actions and 2) the prioritization of the actions to be implemented. It also enables the various risks (natural or domestic) to be positioned on a single scale and compared, even if the acceptability limit remains difficult to determine since it varies depending on the voluntary or involuntary nature of the risk in question; reasoned policy decisions can thus be taken to reduce overall risk. In zones exposed to natural disasters, this approach also enables the associated risks to be compared and offers guidance for the investment funds available. In France, this exercise is difficult because of the moderate seismicity level and also because there are no specific French regulations concerning the consideration of risk acceptability. It is estimated, using a Guttenberg-Richter type seismicity model, that on average a quake of a magnitude greater than 5 can be expected every 30 years, and a quake of 6+ magnitude every 300 years. A contemporary earthquake occurred in Lambesc in 1909, estimated magnitude 6, causing around forty casualties. However, earthquakes are rare. Frances seismic risk prevention policy can be seen from two points of view: either the commitment of the public authorities regarding the reduction of seismic risk fails to meet the expected risk, or greater natural or domestic risks exist and the commitment of the public authorities is equal to or greater than the acceptable level. If we can determine the real situation, we can provide policy makers with information to help them to define adequate prevention policies. This paper proposes an analysis of seismic risk using a probabilistic approach, including regional and local hazards, and the vulnerability assessment of buildings. In the French seismic context, Grenoble is a city of major economic and social importance, being home to a number of sensitive industries (chemical, nuclear, etc.) , companies with a strong economic impact on the region and a large population (approximately 300,000 inhabitants). The Northern Alps, where Grenoble is located, has recently experienced moderate earthquakes, certain of which (Annecy, M L 4.8 15/07/1996) caused slight damage. In the national EC8 annex, the seismic level of this region is part of the highest hazard zones (Zone IV) with acceleration a g = 0.16g for 475 year of return period. Numerous studies have been carried out in Grenoble over the past 25 years to improve our knowledge of the seismic risks in this region. They have observed the seismicity of the Alps and the Grenoble's area by setting up a seismological surveillance network (Guyoton et al., 1990) ; (Thouvenot et al., 2003) , defined homogenous seismotectonic zones for the seismic zoning of France (Martin et al., 2002) , adjusted according to the various studies conducted by GEOTER in France since 2002, observed, analyzed and identified the areas of the city with major site effects (Lebrun et al., 2001) , (Cornou et al., 2003) , (Gueguen et al., 2007a) , (Pequegnat et al., 2008) , characterization of the urban environment and estimation of the physical vulnerability of the constructions (Gueguen et al., 2007b) and the study of human behavior and the social vulnerability of Grenoble (Gueguen et al., 2009 ). The method used in this article is based on a probabilistic risk assessment and qualification approach. First, hazard is assessed according to a probabilistic approach, which gives a hazard curve integrating local site effects. Then, the vulnerability of the buildings will be analyzed, giving vulnerability functions and fragility curves. Finally, a probabilistic risk calculation will be proposed integrating hazard, vulnerability and certain loss aspects. The level of seismic risk obtained will then be compared to the level of other risks, particularly domestic risks (e.g. car accidents, sport accidents, etc.), and the notion of risk acceptability will be discussed to conclude.
2 Seismic hazard evaluation
Regional hazard
Grenoble is in the Northern Alps, on the external border of the alpine mountain range. The region observes intense seismic activity and has experienced a number of major historic earthquakes (Thouvenot et al., 2003) . The seismicity here includes (Fig. 2) Thouvenot et al. (2003) ).
lyzed by Levret et al. (Levret et al., 1994 , 1996 . Intensities are given in MSK intensity (Medvedev et al., 1965) . Around fifty historic events were located around Grenoble. The depths considered correspond to average depths of the source zones to which they are attached, as defined by the probabilistic zoning of France (Martin et al., 2002) . The earthquakes produced intensities of less than V, except for the Gresivaudan earthquake on 07/01/1851 (V-VI in Grenoble, 5km NW of Grenoble), the Corrençon earthquake on 25/04/1962 (about 20km NW of Grenoble) with an epicentral intensity of VII-VIII and the Voreppe earthquake on 12/01/1754 (epicentral intensity VI-VII, 20km NNW of Grenoble). Other more distant but strong intensity quakes have been included in this study, characterizing the level of seismicity of the Northern Alps region to which Grenoble belongs. Table 1 gives the list of major historic events of an intensity of more than V within the study area . Fig. 3 . Seismic zoning of the Grenoble's region (A) extracted from the national probabilistic seismic hazard assessment map (Martin et al., 2002) and (B) modified using regional tectonic informations by Martin et al. (2008) .
Probabilistic hazard curve
The aim of the intensity approach followed in this paper is to reduce the uncertainties in the probabilistic hazard assessment due to the conversion relationships between intensity / magnitude or intensity / acceleration. Moreover, Beauval et al. (Beauval et al., 2008) showed existing methods focusing on testing modeled earthquake occurrences (in magnitude and space) against ground motion observations remain essential, especially for moderate seismic prone regions. Moreover, in order to estimate the seismic risk, no recent major earthquakes occurred in this region, the only data compiled for the seismic hazard analysis developed here being found in the macroseismic database SISFRANCE. Since most of the empirical methods for assessing seismic vulnerability and damage are given for macroseismic intensities, as was the case for Grenoble (Gueguen et al., 2007b) , the seismic hazard assessment is provided in intensity in this paper. In order to take into account the epistemic uncertainties related to the zonings, two alternative seismotectonic models are used: (1) general zoning of France (Martin et al., 2002) , based on a simplification of the basic French 52-zone model, produced for the probabilistic seismic hazard study for France (Fig.  3A) ; (2) a second zoning (Fig. 3B) , called GEOTER (Martin et al., 2008) , adjusted to the most recent studies of the Northern Alps, enabling the contours of certain areas to be defined more accurately. It is also based on the analysis and integration of more recent data and studies (PALEOIS European project: Evaluation of the potential for large earthquakes in regions of present-day low seismic activity in Europe, SAFE (Slow Active Faults in Europe), GEOFRANCE 3D, ENTEC (Environmental Tectonics, The Northern Alpine Foreland Natural Laboratory). The zones mainly identify the boundaries of the geological units considered as being homogenous in terms of the current constraints field, of the expression of recent deformation, and mostly limited by major tectonic accidents. Table 2 shows the input data used for the GEOTER zoning probabilistic calculation. For each zone, the date and intensity are indicated for the strongest historic earthquakes listed in the SISFRANCE database and the source parameters (Intensity I 0 minimal and maximal macroseismic intensity, depth corresponding to minimal and maximal intensity). For the Grenoble's zone, earthquakes with an epicentral intensity between 5 and 8 at depths between 3 and 15km are taken into account.
Seismicity model
The seismic parameter calculation of the distribution laws takes completeness periods into consideration. These periods are defined using two methods, the first being the Stepp method (Stepp, 1972) and the second corresponding to a histogram analysis of the number of earthquakes per timewindow for each level of intensity (Martin et al., 2008) . The completeness periods used for the Grenoble's region for each intensity are: 1920 (IV-V), 1880 (V-VI), 1830 (VI-VII), 1800 (VII-VIII), 1500 (VIII IX) and 1300 (IX-X). In the Alpine region, it is always possible to define completeness periods, except for intensities VIII and IX, because of the small number of earthquakes. For these levels of intensity, the periods used were obtained from the full catalogue for the whole of France. For intensity IX, the date 1300 was used in order to include the Basel/Mulhouse (Northern Alps zone) earthquake into account in the adjustments. The model used to define seismicity distribution is a Gutenberg-Richter type Poisson's model, giving the annual rate of occurrence for each intensity. The calculation of the adjustment parameters for the Gutenberg-Richter curves uses Weicherts maximum likelihood method (Weichert, 1980) , well-suited to the variable completeness periods and enabling quantification of the uncertainties associated with the adjusted parameters. For most of the zones, the seismicity samples suffice to calculate the zones seismic parameters. If not, several zones are grouped together to enable the adjustment. The calculated gradient is then set for the grouped zones, while the rate of activity is divided proportionally to the zones surface areas. For the statistical calculation of the Guttenberg-Richter's law seismic parameters a and b, intensity intervals of 0.5 are used. For each source zone, Grenoble's completeness periods are used, corresponding to the large geographic zone to which the seismic zone is attached, i.e. the Alps. The minimal intensity for the adjustment calculation is Imin=IV. Adjustment of the distribution laws based on this threshold enables integration of the largest possible seismicity sample and thus compensates for the small size of the source zones and lack of data. If the adjustments obtained are not satisfactory, other minimal intensity values are used (Imin=IV-V, V, V-VI or VI). These minimal intensities are independent of the minimal intensities used for the seismic hazard calculations. The annual activity rate values for each source zone are therefore systematically reduced to the minimal intensity of the seismic hazard calculation. Generally speaking, in each source zone of the two zonings, a series of adjustments is applied according to different intensity intervals and different minimal intensities. The best adjustment is chosen on the basis of the following criteria:
-Calculation of a and b Guttenberg-Richter's parameters and associated standard deviations. The adjustments resulting in the smallest standard deviations are preferred.
-The gradient of the adjustment must remain within the range 0.25-0.75.
-The adjustment between the distribution law and the seismicity data must be satisfactory.
Finally, adjustment coherency is checked to make sure that the annual activity rates per intensity interval cumulated for all sources coincide with the catalogue rates for the study zone.
Empirical macroseismic intensity prediction model
Arracoucau et al. (2006) defined an overall attenuation model for the whole of France based on points in time from the SISFRANCE database (sample of 1000 points in time). Considering all the data, the sample includes a larger number of low intensities and there is a risk of influencing the attenuation model because of the greater weighting associated with low intensities. The model was adjusted to the data using the least-squares method. Several sensitivity tests were carried Table 2 . Parameters of the seismic zones used for the probabilistic assessment in the Grenoble's zone (GTR57) with the GEOTER zoning (Martin et al., 2008 Fig. 4 . Logic tree of the probabilistic hazard assessment method used for assessing and accounting for the uncertainties (after Martin et al. (2008) ).
out (Martin et al., 2008) , not described here, to enable verification of this adjustment. They led to the proposal of a linear type model (Eq. 1) and a non-linear type model (Eq. 2) for the Alps region:
where σ = 0.91. 
where e means the Neper's constant (2.718) and σ = 1.04. In both equations, I and I 0 are the macroseismic and epicentral intensities, respectively, R epi the epicentral distance and σ the standard deviation.
Probabilistic calculation
The probabilistic seismic hazard (PSHA) is calculated by following the branches of a logical decision tree, as proposed by Bommer et al. (2005) to take uncertainty into account. All the branches of the logic tree in Figure 4 are tested for each of the 100 random parameter combinations, at each point of the grid. In all, 400 simulations were carried out, each one resulting in a hazard calculation. Each calculation consisted in determining the annual exceedance probability of a series of intensities and providing a hazard curve. Taking into account the weightings of the logic tree branches, statistical processing enables the results and their distribution to be expressed as three hazard curves, associated with median, 15% and 85% percentiles of annual probability distributions. Exploitation of the hazard curves at each point of the grid enables definition of the intensities associated with a return period by interpolating the values on the hazard intensity curves. Similarly, the results and their distribution are expressed by the median and 15% and 85% percentile statistical values. For applying the vulnerability methods defined using the European Macroseismic Scale 98 (EMS98, Grunthal and Levret (2001) ) for intensity, the PSHA curve are converted from MSK (SISFRANCE catalog) to EMS98, as proposed by Musson et al. (2010) who assume a direct equivalence. Thus, Figure 5 shows that the return periods of macroseismic intensity VI (beginning of damage) is around 10 −2 , and 10 −4 for intensity VIII. These values are relatively similar to those proposed by the magnitude methods. In Grenoble, intensity having annual probability of 0.002 (475 of return period) is VII-VIII.
Local hazard
Grenoble lies in a Y-shaped sediment basin, which has experienced several fill periods (Nicoud et al., 2002) . The thick filling causes considerable amplification of the seismic ground motion (Lebrun et al., 2001 ) (Gueguen et al., 2007b ) (Pequegnat et al., 2008 within a frequency range of 0.3Hz to 10Hz. Seismic ground motion also varies due to the last few meters of fill which, according to Lebrun et al. (2001) and Gueguen et al. (2007b) , produce amplifications in the highest frequencies (3-10Hz). This frequency range affects Grenobles buildings since most have a resonance frequency within this same range (Farsi and Bard, 2004) (Michel et al., 2010) , causing a situation in which damage can also be amplified (e.g., (Anderson et al., 1986) ; (Gueguen et al., 1998) ). Some authors propose intensity increments according to the type of terrain (e.g., (Mevedev et al., 1962) ; (Astorza and Monje, 1991) ). There is no formal microzoning of the Grenoble's valley, however, measurements based on seismic background noise (the HVSRN background noise H/V method) enable identification of the zones with variable amplifications, which may be related to the most superficial formations in particular (e.g., Gueguen et al., 2000) . Using this method and the sedimentary fill analysis, fills can be distin- guished ( Fig. 6A) (1) in the west and south-east with frequencies over 6Hz corresponding to gravel fills, (2) in the centre and in the east of the city with frequencies of around 1-5Hz corresponding to high clay fills (sometimes including peat) and which generate major site effects because of a strong impedance contrast. This paper proposes to define the limits of the zones approximately according to HVSRN measurements. This gives two large zones ( Fig. 6B) : zone 1 comprising type B soils (sand and gravel) and zone 2 with type C soils (silt and clay), according to the EC8 classification. The correlation coefficients of macroseismic intensities are then taken from (Astorza and Monje, 1991) , choosing average values: for zone 1, the hazard calculated for rock site, and expressed in macroseismic intensity, will be incremented by 0.7; for zone 2, the calculated hazard will be incremented by 1.5. These weighted intensities will then be assigned to each urban area, since this is the geographic unit of interest.
Seismic vulnerability assessment
The first signs of habitation of the Grenoble's area date back to 450 BC, but the town really started to develop in the sixteenth century, growing in a number of stages (Parent, 1982) . Prior to the nineteenth century, the city's walls limited the development and urbanization of the surrounding basin. Around 1850, the population increased and the city spread beyond the walls, which were destroyed in about 1910. With the citys industrialization, a new urbanization phase began towards the west and south. So-called expansion suburbs developed to the south, and these suburbs con- 1914, 1945 and 1965. tinued to grow until about 1945. During this period, the use of reinforced concrete started to become widespread, assisting the 1945-1970 period with the largest urban expansion ever experienced by the city, particularly in the southern suburbs. A previous study (Gueguen et al., 2007b) identified the types of construction and their distribution throughout Grenoble, according to local specificities and national building developments (such as design codes in particular). This study shows that the city centre is mainly built in masonry (the nearby mountain quarries providing limestone materials). The peripheral suburbs were mainly built using reinforced concrete with frame designs before 1965 and shear walls after 1970. Finally, the expansion suburbs are highly heterogeneous, mixing private housing and collective residential buildings, concrete and masonry constructions, built during different periods (Fig. 7) . The successive waves of demographic increase systematically led to demand for public institutions, such as schools. In all, 15 schools were built within fifteen years during the most remarkable period after the 1960s. Experience has shown that schools are public buildings which have a major impact on society in the event of seismic damage: if schools suffer during an earthquake, education is interrupted, societys organization is affected and fallback sites are no longer available. Furthermore, schools are more liable to suffer irreversible damage by their specific design and their function (Augenti et al., 2004) : asymmetry is almost systematic because of covered playgrounds or long lines of classrooms along one side, which appears to increase vulnerability in constructions mainly built before 8 Dunand and Gueguen: The Grenoble City test site the application of earthquake engineering rules. Particularly attention is therefore given to such buildings in this paper.
The VULNERALP method (Gueguen et al., 2007b) was developed in Grenoble, adapting of the methods used in highly seismic countries. A certain similarity between old Italian and French constructions (particularly in terms of masonry) enabled us to base our method on the GNDT method (GNDT, 1993); (Seismocare, 1998) . This method consists in identifying the probable weaknesses of the constructions in the event of an earthquake and assigning them a vulnerability index, based upon the damage observed after destructive earthquakes in Italy. GNDT values were used in the VULNERALP method because France has no such documented records corresponding to seismic damage. In the VULNERALP method (Gueguen et al., 2007b) , each vulnerability index IV is associated with a vulnerability curve found in GNDT method, which enables determination of an average damage value (µ D ) according to the EMS98 damage scale, according to a given macroseismic intensity (I EM S ):
The construction typologies used in VULNERALP are the same as those described in EMS98. This strategy means that vulnerability can be linked to a damage level compatible with that of EMS98 (Gueguen et al., 2007b) . Matrices are then available, with the intervals of probable values [IV-;IV+] taken from the GNDT criteria and values. The distribution of the typologies and criteria used in the VULNER-ALP method was obtained by way of surveys among random itinerary in the areas previously defined as being homogeneous (Gueguen et al., 2007b) . The damage scale used, the European Macroseismic Scale (EMS-98) (Grunthal and Levret, 2001) , characterizes the damage level on a discrete 5-level scale (D k for k=0,1,2,3,4,5). The vulnerability curves enable characterization of an average damage value (µ D ), representing the mean damage for buildings of the same vulnerability indexes subjected to a given intensity. To take into account the variability of damage levels k, damage distribution around average damage µ D is considered. Some authors have shown that this distribution can be evaluated by a binomial distribution (Milutinovic and Trendafiloski, 2003) , (Lagomarsino and Giovinazzi, 2006 ) (Eq. 5), adjusted to experience feedback from major Italian earthquakes:
It is therefore possible to calculate the probability distribution of observing each level of damage k according to EMS98 (D1, D2, D3, D4 and D5) for each average damage level in equation 4 (µ D = 1, 2, 3 or 4). This gives the distribution of damage levels for a set of homogeneous buildings, or the probability of observing each level of damage for a specific building. For example, an average damage value (µ D ) of 2 (vulnerability index 66, intensity 6.5) gives a probability Fig. 8 . Example of probability curves of occurrence for each grade of EMS98 damage computed following the VULNERALP approach (Gueguen et al., 2007b ) for a given EMS98 intensity and a given vulnerability index (in this example IV=30).
of 26% of level D1 damage, 34% of level D2 damage, 23% of level D3 damage and 17% for other damage levels. Using equations 3 and 4, the vulnerability curves and damage distributions are combined to give damage probability distribution curves. This then gives the probability of reaching each level of damage (D0, D1, D2, D3, D4 and D5) for different intensities and for a given vulnerability index (Fig. 8) . At this stage, the hazard is not part of the risk probability evaluation since hazard probability has not yet been introduced. The initial exercise of this project, i.e. evaluation of the seismic risk in Grenoble, would not be complete without estimating the impact of damage on the populations. Certain links are available in the literature, again, based on past experience (e.g., (Coburn and Spence, 2002) . There are two different types of loss in our study: the occupants (1) and the building (2). (Loss 1) The consequences of an earthquake on the occupants are assessed based on the probability of a fatality among the buildings occupants. Assessing the number of victims is highly complex since experience shows that this number can vary significantly. Authors have however reported that building collapse (EMS98 damage level D5) is the main cause of death (75-95% of deaths, according to Coburn and Spence (2002) . The method used here is based on the following equation and results in a mortality rate (M R ) in the event of collapse (i.e. damage level D5):
where M 2 is the rate of building occupancy at the time of the earthquake (0.5), M 3 is the rate of occupants trapped by the collapse (0.6), M 4 is the mortality rate during collapse (0.4) and M 5 is the mortality rate after collapse (0.7). The rates used here (in brackets) are the average rates adopted for the project, proposed by Coburn and Spence (2002) . The
Intensity EMS98 Annual probability of occurrence Probability curve for D2 damage grade (i.e. damage grade probability for intensity I)
Hazard curve (i.e. probability of intensity containing between I and I+!I 10 -5 Fig. 9 . Probability curve for D2 damage grade for building having IV=30 for a given seismic intensity (yellow), annual probability curve of exceedance for seismic hazard in intensity (blue) and probability product of the hazard and vulnerability, i.e. seismic risk probability curve (red).
final mortality rate is M R =0.25 for each of the occupants of the buildings affected by a damage level D5. M R represents the individual probability of death if D5 type damage occurs. In order to take into account the variability of this rate, an set error rate of +/-10% is considered. Writing P(D5) the probability of a building being in a damage level D5, the P M individual mortality probability of a buildings occupant is:
(Loss 2) The building loss is represented according to the level of damage observed in the event of an earthquake. According to EMS98, damage D2 corresponds to the first grade of damage (i.e., slight damage). Probability P(D D2) of exceeding or equalling damage level D2, i.e. the probability of observing at least slight damage is given by:
4 Risk assessment Risk is evaluated by developing a comprehensive probabilistic approach, by convoluting the hazard, vulnerability and loss curves. This approach enables evaluation of risk, taking into account the probability of occurrence of all the intensities (from low to high) and enables risk to be quantified according to the different acceptability thresholds, which is the purpose of this paper. In this paper, since the risk is based only on the exceedance probability of two damage levels, i.e. D2 corresponding to at least slight damage and D5 for mortality, the annual probability P y (D k ) of occurrence corresponding to each EMS98 damage level D k is given by:
where P y (I EM S98 ) is the annual occurrence probability of EMS98 intensity and p(D k ) is the occurrence probability of the damage level D k for a given intensity I EM S98 as provided by Eq. 4. P y (I EM S98 ) may be deduce from the annual probability of exceedance P ye computed for Fig. 5 , for each intensity increment dI EM S98 , using the following equation:
Finally, for risk assessment corresponding at least to damage D2, the exceedance probability P (D D2) is the sum of the occurrence probability for each damage (D k ,k 2) (Eq. 7). The notion of risk acceptability was proposed by the Swiss (SIA2018 , 2004) to enable decisions to be made regarding the reinforcement and renovation of existing buildings according to an acceptable risk level (ALARP method). This approach, in a moderate seismicity country, offers the advantage of setting about renovation work, without necessarily aiming for conformance with equivalent earthquake engineering rules for new constructions. Risk is thus evaluated in two stages: evaluation of the probability of observing each of the damage levels based on hazard and vulnerability, then risk evaluation for the different losses considered (i.e., individual mortality and damage). According to the probabilistic approach, we consider all the possible combinations of intensity and damage probabilities for each intensity. Figure 9 illustrates the seismic risk computing detailed before. It shows the product of hazard probability and damage probability. In this example, the area under the red curve is equivalent to the annual probability of observing D2 level damage. Finally, for each damage level (D0 to D5) and for each vulnerability index IV, this annual probability can be calculated as shown in Figure 10 . Uncertainties can be considered at the various stages of the calculation process. A logical tree is used for seismic hazard, resulting in different curves and a median value, enabling the calculation of 15 and 85 percentiles. The VULNERALP vulnerability analysis method proposes maximum and minimum vulnerability indexes to take into account the epistemic variability of the estimation, due to the assignment of a standard behavior model for each building (Spence et al., 2003) . The average variability observed on the studys vulnerability indexes is +40 and -20 for average indexes of 25. These different uncertainties are added up during the risk calculation process, combining the different values: 3 random event values (15% percentile, median and 85% percentile) and 3 vulnerability values (minimum, mean and maximum values).
Discussion on the Grenoble test-bed site
The risk study is undertaken on the Grenoble's agglomeration, considering an average vulnerability index for each area of homogeneous typology (37 areas) and for schools, considering a vulnerability index for each school (73 schools). Lo- Annual probability of occurrence IV=10 IV=30 IV=50 IV=70 Fig. 10 . Seismic probabilistic assessment given the annual probability for observing each EMS98 damage grade D k in the Grenoble's district considering the cumulative annual probability to observe each seismic intensity, for several vulnerability index IV .
cal hazard is taken into account for each area and for each school, according to their respective positions, integrating site effects. If certain areas overlap different local hazard zones, variability is taken into account by sub-dividing the areas. Risk is calculated over three periods: (1) one year, corresponding to the probability period generally considered for the presentation of domestic risks (road, industrial accidents, etc...); (2) 50 years, which is the lifetime generally applied to a building; and (3) 100 years, which corresponds more or less to the one human generation. The calculations were repeated 9 times for each probability period to consider all the possible pairs of hazard (median, 15% and 85% percentiles) and vulnerability (mean, minimum and maximum values). Human loss is represented by the individual mortality probability and building loss is represented by the probability of exceeding the damage levels D2 and D5, where D2 is equivalent to the loss of building operability and D5 its collapse, each time for the three periods. Only the results corresponding to the one year and 50 year period for damage levels D5 and D2 are shown here (Figs. 11, 12, 13, 14) , but all the other figures are available on the electronic supplement. The possible values of vulnerability and damage estimations systematically vary more than those of hazard estimates. This is a direct consequence of the vulnerability estimation using a basic method (VULNERALP, Gueguen et al., 2007b) . This is also a direct consequences on the lack of information describing existing structures, one of the more important source of uncertainties (epistemic) of fragility curves (Spence et al., 2003) . Although this method implies high uncertainty, it offers the advantage of being able to provide an initial representation of vulnerability on the scale of the city, specifically in a moderate seismic context. However, as mentioned by Spence et al. (2003) , we must bear in mind that the greatest proportion of uncertainty in estimating damage is epistemic in origin because of the need to classify each construction according to a generic behavior model, even though very little information is available. These uncertainties could be reduced by changing the way in which they are spread over the risk estimation. Indeed, this method of calculating uncertainties by adding them up results in uncertainty being maximized on the end result. For a complete probabilistic calculation, a logical tree could be used with different branches corresponding to a random selection of different values of the calculation steps, thereby better spreading hazard and vulnerability uncertainties.
The median probability of exceeding damage level D2 (at least slight damage to the structure) is about 10 −4 − 10 −3 per year and 10 −2 − 10 −1 per 50 years. Over 100 years, the value reaches 10 −2 to 10 −1 in the most vulnerable areas (in the city centre). This reflects the lack of seismic resistance of the old masonry constructions in the citys historic quarters. The probabilities of building collapse per year, per 50 years and per 100 years are 10 −6 − 10 −5 , 10 −4 − 10 −3 and 10 −2 − 10 −3 , respectively. Certain variations within the city are apparent, thus distinguishing what appear to be the most vulnerable areas or the areas with major site effects. This also shows that the risk of collapse over 50 years (D5) is lower than the risk of seeing at least slight damage (D2). In a moderate seismic context, this observation is of interest since it enables the importance of seismic risk to be put into perspective, even if slight damage may still have direct economic consequences (need to reinforce or renovate). On Figures, the triangles show the locations of the citys schools, whose vulnerability was evaluated in the Sismo-DT project using the same VULNERALP method as for other buildings (Gueguen et al., 2007b (Gueguen et al., , 2009 . Although this basic empirical method cannot be considered significant for a single building, it does enable a hierarchy to be established for a group of buildings (in this case, schools), identifying the schools with the worst characteristics in terms of earthquake resistance. Extensive homogeneity is observed in the median probabilities of D2 and D5 between the schools and the areas, regardless of the return periods considered. This observation reflects the consequence of the citys urbanization over the ages, since urbanization was accompanied by an increase in population, requiring the simultaneous construction of the school buildings required by the city authorities (Gueguen et al., 2009) . The schools therefore have the same construction characteristics and the same vulnerability as the areas in which they are built.
In order to place the seismic risk assessed in the Grenoble's urban area within a local context, the mortality rates associated with other types of risk were analyzed and 1900 . Based on the theory of an average population of around 50 million during the last century, the greatest average annual mortality rates deduced is given for extreme temperature, that means all values are less than 3.810 −6 considering all hazards.
Seismic activity in mainland France over the previous century shows a mortality rate of 1.010 −8 . The national value should be taken with some precaution since a return period of a century is not enough to qualify destructive phenomena with long return periods. Furthermore, this is an average value for the whole territory, which has a highly variable seismic random event. In Grenoble, the average rate of mortality found in this study is between 10 −5 −10 −7 , depending on the quarters (Fig. 13) . According to the Ministry of Ecology and Transportation, 4,443 peoples died on the roads in 2008 for a population of 64,321,374 on January 1st 2009. There are numerous analyses possible on this risk, according to age range, time spent on the road etc. but these figures show an average annual mortality rate of around 7.10 −5 in France, which is similar to the average earthquake values in Grenoble. The road risk increased with the traffic for the last two decades, given a higher rate than for the last century. The road risk is an example of an individual risk which is accepted by the population as a whole, in the sense that knowledge of the risk does not prevent individuals from using the road. However, the perception of this risk is sufficiently high for the public authorities to take action to reduce it and to commit to a wide range of decrees and laws concerning prevention, control and repression to reduce (or at least contain) this mortality risk. In terms of the individual mortality risk due to an earthquake in Grenoble, this study does not intend to be alarmist, nor to encourage unnecessary melodrama. It has been conducted to enable representation of the risk run by an inhabitant of Grenoble in relation to the risks to which he/she is exposed on a daily or occasional basis. For example, the annual individual probability of dying because of the total collapse of a building during an earthquake is around 10 −7 − 10 −6
(median value) in the peripheral suburbs of Grenoble and 10 −6 − 10 −5 in the citys historic quarters. This rate is low because the annual probability of D5 damage is low. The annual mortality rate must be compared with the average annual probability of a 40-year old person in France dying for any reason whatsoever (10 −3 ). This rate does not take into account certain situations, such as smoker or non smoker, genetic pre-dispositions, etc. However, a difference of 3 orders of magnitude can be observed, showing that the earthquake risk is not a risk that affects the all cause mortality rate. Inversely, annual mortality in 2008 due to a car accident in France shows a rate of 7.10 −5 which is close to the 10 −6 − 10 −5 rate observed for an earthquake in the centre of Grenoble. This result must be considered cautiously since the traffic accidents rate is a national rate while the earthquake casualties rate is regional. The seismic risk thus reaches the same level as that taken by car drivers, a level that is not enough to stop them from driving their cars. Although considered tolerable, since it is accepted, major political actions have been undertaken to reduce this risk. These measures concern prevention and education, repression and improving infrastructures. These measures can be compared with earthquake risk reduction actions, ranging from the information available to the population, to the action to be taken during an earthquake, training for builders, adoption of adequate regulations and control of compliance with such regulations. In comparison with other similar natural and industrial risk phenomena, it appears that the mortality rate of an earthquake in Grenoble is the same as that of extreme temperatures (10 −6 ), transport or industrial accidents 10 −7 (Tab. 3) in France. However, it remains higher than other natural disasters (10 −8 ) including floods, storms or landslides, which places earthquakes among the most important natural phenomena against which protection must be provided in France. Again, in Grenoble, exposed to natural hazards such as floods and rock falls, regional estimates should be considered for a whole and complete analysis of the Grenoble's city risk. Moreover, global climate changes mean that these figures require review. In addition, over a period of 50 years, the individual mortality rate is 10 −4 − 10 −5 . At 100 years (electronic supplement), i.e. the upper boundary of the lifetime for one generation, the individual mortality rate is 10 −5 − 10 −4 in the city centre, peaking at 10 −4 − 10 −3 in certain areas, i.e. a higher risk. These rates reflect the poor quality of the existing buildings.
Conclusions
Seismic studies based on hazard and vulnerability are becoming increasingly insufficient for the public authorities, which also require an evaluation of seismic risk. It is therefore necessary to find a coherent approach, between the regional hazard assessment, consideration of site effects, structural characteristics and the representation of consequences on the populations. This study, albeit incomplete, enables the identification of certain imperfections and certain steps that must be improved. Firstly, the study of regional hazard, integrating the progress made since the start of seismic zoning review in France, is probably the most advanced. However, the link between intensity and ground motion is not yet fully controlled and mastered, although a number of initiatives are underway in this field. This link must be completed with the consideration of site effects, which could be significantly improved if hazard was defined in spectral parameters and not in intensity. If this were so, the difficulty would become the ground motion / damage prediction step, since most of the methods suitable for the city scale express probability of damage for a macroseismic intensity. We are therefore faced with two choices: to improve the intensity methods or to propose spectral parameter studies. This second solution was envisaged, integrating physical parameters in the estimation of structural vulnerability (Michel et al., 2010) but much remains to be done before a reproducible, standard method becomes available. However, using physical rather than empirical evaluation, the uncertainties related to the definition of a behavior model for each class of construction (Spence et al., 2003) will be reduced, a link will be forged between regional hazard and site effects and national regulatory zonings will result, all of which will enable a homogeneous approach to be proposed throughout the entire process. In the case of Grenoble, it is clear that seismic risk is moderate in terms of the annual probability of damage, collapse and loss. These results are obviously not complete: the notion of collective death risk must be introduced to represent the collective nature of loss during an earthquake (one building may collapse on several inhabitants), whereas the roadrelated risk is an individual risk. It is also necessary to consider the mobility of people during the course of the day, particularly for the schools concerned by this study, since occupancy varies over the week: the risk is therefore different during the day, on a week day or at the weekend. This first step will enable the authorities to take the necessary measures regarding existing buildings according to strategic choices that are economically viable. The notion of acceptable risk is introduced and economic considerations must be added to this study. Indeed, depending on the economic value of the building and the citys maintenance and investment policy for its buildings (Boudis et al., 2010) , the risk will be higher or lower and therefore more or less acceptable. This approach could possibly enable the proposal of seismic risk evolution simulations for local authorities or building owners, depending on the actions they decide to implement.
